Bacteria of the genus Prosthecobacter express homologs of eukaryotic α-and β-tubulin, called BtubA and BtubB, that have been observed to assemble into bacterial microtubules (bMTs). The btubAB genes likely entered the Prosthecobacter lineage via horizontal gene transfer and may derive from an early ancestor of the modern eukaryotic microtubule (MT). Previous biochemical studies revealed that BtubA/B polymerization is GTPdependent and reversible and that BtubA/B folding does not require chaperones. To better understand bMT behavior and gain insight into the evolution of microtubule dynamics, we characterized in vitro bMT assembly using a combination of polymerization kinetics assays, and microscopy. Like eukaryotic microtubules, bMTs exhibit polarized growth with different assembly rates at each end. GTP hydrolysis stimulated by bMT polymerization drives a stochastic mechanism of bMT disassembly that occurs via polymer breakage. We also observed treadmilling (continuous addition and loss of subunits at opposite ends) of bMT fragments. Unlike MTs, polymerization of bMTs requires KCl, which reduces the critical concentration for BtubA/B assembly and induces bMTs to form stable mixed-orientation bundles in the absence of any additional bMTbinding proteins. Our results suggest that at potassium concentrations resembling that inside the cytoplasm of Prosthecobacter, bMT stabilization through self-association may be a default behavior. The complex dynamics we observe in both stabilized and unstabilized bMTs may reflect common properties of an ancestral eukaryotic tubulin polymer.
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Introduction
BtubA/B is the first prokaryotic tubulin homolog that has been reported to form a microtubule-like structure, called the bacterial microtubule (bMT) in bacterial cells (1) . bMTs are assembled from BtubA/B heterodimers (2-4), made of bacterial tubulin A and bacterial tubulin B (BtubA and BtubB), the closest known prokaryotic homologs of eukaryotic tubulin (~35% sequence identity with α/β-tubulin) (1) . btubA and btubB genes were discovered, along with a kinesin light chain homolog (bklc) in the genome of four Prosthecobacter bacterial species (5) , to form the bacterial tubulin operon (btub-operon) (6) . Because of this high sequence identity and structural similarity, it has been proposed that Prosthecobacter acquired the btub-operon by horizontal gene transfer (2, (4) (5) (6) (7) (8) (9) from an unknown species. Although the function of bMTs in Prosthecobacter remains unknown, they may contribute to the elongated shape of the Prosthecobacter cell (4), or serve as a scaffold for the formation of the cell stalk (7) . bMTs observed in vivo using cryo-electron tomography have been proposed to consist of 7.6 nm-wide hollow tubes formed by 5 protofilaments (1) . Single BtubA/B filaments formed in vitro and observed using negatively stained electron microscopy (EM) have been interpreted of consisting of two parallel protofilaments, although some filament bundles have appeared to form a lumen (4) . Based on results of pelleting assays (2, 4) , and mutagenesis studies (3) , it has been inferred that bMT protofilaments contain a polar, alternating linear arrangement of BtubA/B heterodimers. By comparison, eukaryotic MTs are tubular, 25 nm wide polymers formed by about 14 protofilaments, each of which is a polar chain of α/β-tubulin heterodimers (10) . MTs are also kinetically polar, with different assembly/disassembly rates at the two ends (11, 12) . Polymerization studies have not yet established whether the two bMT ends polymerize at different rates.
All tubulin family proteins, including eukaryotic tubulins, the better characterized prokaryotic tubulins FtsZ and TubZ, and the newly discovered bacteriophage tubulin PhuZ, are assembly-dependent GTPases that polymerize when GTP-bound and are destabilized by hydrolysis of GTP to GDP (13, 14) . Similar to α/β-tubulin and FtsZ assembly, BtubA/B polymerization is GTP-dependent, cooperative and reversible, and GTP hydrolysis is coupled to assembly (2, 4, 7) . Structural changes in the polymer associated with GTP hydrolysis give rise to complex behaviors in the tubulin family, including dynamic instability observed in eukaryotic MTs (stochastic transitions between growing and shortening phases at microtubule ends (10, 11, 15) ), and treadmilling observed in several types of tubulin family polymers (concomitant assembly at one end and disassembly at the other (10)). Whether BtubA/B filaments exhibit any of these or other dynamic behaviors remains an open question.
In order to obtain insight into the dynamics and polarity of BtubA/B polymers, we characterized their assembly in vitro with confocal fluorescence microscopy, electron microscopy, light scattering, high-speed pelleting and GTPase assays. We determined that, like eukaryotic MTs, in vitro-polymerzed BtubA/B filaments are kinetically polar polymers that are destabilized by GTP hydrolysis. They exhibit stochastic growth and disassembly and treadmilling. Salt stimulates BtubA/B polymerization by reducing the critical concentration for assembly. Unlike eukaryotic MTs, bMTs form stable apolar bundles in the presence of high potassium concentration without any bundling or stabilizing microtubule-binding proteins.
Results

Potassium alters the critical concentration of BtubA/B assembly and induces bundling
To date, two methods of purifying recombinant BtubA/B from the E. coli soluble cell fraction have been described. The first is high-level expression of the btubAB bicistronic unit under the control of T7 promoter, followed by protein purification with anion-exchange and size exclusion chromatography (2) . Recently, an additional polymerization and depolymerization cycle step was added to this procedure (7, 16) . The second method is the expression of N-terminal (3, 4) or C-terminal (1) (His)6-tagged BtubA and BtubB followed by Ni-NTA affinity chromatography, making it possible to purify BtubA and BtubB separately, as well as mutants with impaired assembly. However, (His)6-tags can induce the self-assembly of BtubB rings (3, 4) . In order to avoid the use of (His)6-tagged proteins and simplify the purification process, we designed a new purification method for untagged recombinant BtubA/B, based on the standard α/β-tubulin method of successive cycles of polymerization-depolymerization (see Fig. S1 in the supplemental material). BtubA/B polymerization was in the presence of MgCl2 and KCl, which are known to be necessary for polymerization (2, 7) . Interestingly, it was not possible to purify BtubA/B using NaCl instead of KCl, and increasing the KCl concentration increased the yield. This suggested to us that potassium regulates a yet uncharacterized BtubA/B assembly parameter.
To determine the effect of KCl on BtubA/B polymer assembly, we used confocal microscopy to visualize GTP-induced polymerization of fluorescently labeled BtubA/B 7 (Fig. 1A) . In the absence of KCl, we did not observe discernible filamentous structures.
Short and dispersed BtubA/B filaments are visible at 50 mM KCl, and a network of BtubA/B filament bundles appear at 100 mM KCl. At 1 M KCl, bundles increase in number but decrease in length, preventing the formation of a network of bundles. The observed decrease in bundle length is likely due to the large number of bMT ends, which quickly use up the protein available for bMT elongation.
Using negative stain EM, we observed in 25 mM KCl what appeared to be a single filament composed of a pair of BtubA/B protofilaments with a narrow dark space between them (Fig. 1B) . We will refer to these filaments as bMTs. Their appearance is similar to paired protofilaments previously observed in vitro (4), but may also be consistent with a projection of the five-protofilament bMTs observed by cryo-electron microscopy in vivo (1) , because the width of the dark space between the filaments is similar to the width of the lumen. Bundling observable by EM at different salt concentrations was consistent with fluorescence microscopy results (Fig. 1A) . We observe multiple paired protofilaments in bundles, but not three-protofilament bMTs as previously seen in vitro (4) . At 2 M KCl, we also observed short linear structures, smaller than a single bMT, which were absent below 50 mM KCl (Fig. 1B) .
We characterized the effect of potassium on BtubA/B assembly kinetics by 90° light scattering (Fig. 2) . Confocal and electron microscopy shows that the increase of KCl concentration induces the bundling of bMTs. Because light scattering depends on the size and shape of the polymers, a deviation of the sigmoidal kinetic behavior reflects a high-order filament association such as bundling (17) . bMT assembly kinetics in HEPES buffer with trace KOH showed a lag phase followed by elongation, a peak of the intensity signal, and a decrease due to depolymerization (Fig. 2A) . The length of the lag phase is inversely proportional to BtubA/B concentration, confirming that bMT assembly is a nucleation-elongation process, as has been previously suggested (4) . At 3.1, 6.3, (see Fig. S2A and S2B in the supplemental material) and 12.5 mM KCl (Fig. 2B) , assembly traces were sigmoidal and the lowest BtubA/B concentration at which polymerization was detected decreased with increasing salt. In the range of 25-50 mM KCl, the assembly traces were not sigmoidal and depolymerization was slower (see Fig. S2C and S2D in the supplemental material). This non-sigmoidal assembly behavior may be related to the onset of filament bundling. At 100 (Fig. 2C ) and 200 mM KCL (see Fig. S2E in the supplemental material), BtubA/B assembly was fast, and the elongation phase appeared to have a fast step followed by a second slower step that reached the maximum intensity signal or steady state. At 500 mM KCl (Fig. 2D) , the light scattering signal was stable for more than 50 min, in contrast to rapidly-decaying signal from BtubA/B polymerized under 25 mM KCl. At ≥1 M KCl, BtubA/B assembly showed an overshoot (see Fig. S2F and S2G in the supplemental material).
We observed that the protein concentration at which bMT assembly was first detected decrease with increasing KCl, a trend observed over all KCl concentrations employed. This suggests that KCl affects not only bMT bundling, but also bMT formation.
Because light scattering is proportional to the amount of assembled polymer and its spatial organization (18) ), we determined the critical concentration of BtubA/B assembly from the plot of the maximum scattering intensity versus BtubA/B concentration ( Fig. 2E ) (12, 19) . However, we only used data between 0 and 25 mM KCL to avoid the confounding effects of bundling. From the x-axis intersections of Fig. 2E , we determined that in the absence of KCl, the critical concentration for BtubA/B assembly of bMTs is 9.5 µM, and it decreases to 3.8 µM at 25 mM KCl (Table 1) . To determine if KCl has an effect on BtubA/B nucleation in this low salt regime, we normalized the log of the maximum rate of assembly (Vmax) by the maximum intensity (Imax) of each polymerization trace, and this value was plotted versus the log of the BtubA/B available to polymerize (Total BtubA/B minus critical concentration of BtubA/B assembly) (Fig. 2F) . The slope of the linear fit is equivalent to the half of the nucleus size (n/2) (20) and suggests that the rise of KCl concentration increased the size of the BtubA/B polymerization nucleus. At 0 mM KCl, the slope of the linear fit is 0.3, suggesting that the nucleus consist of just a monomer (BtubA or BtubB). At 3.1 mM KCl the nucleus is composed by one BtubA/B heterodimer (n=~0.5), and at 12.5-25 mM KCl the slope of the linear fit (n=~1) suggest that the nucleus is composed of two BtubA/B heterodimers.
As an independent measurement, we determined the amount of assembled bMTs and the critical concentration of BtubA/B assembly as a function of KCl concentration using high speed-pelleting. The increment from 0 to 2 M KCl produced an increase of the assembled polymer mass (Fig. 3A) and reduce the critical concentration for BtubA/B assembly ( Fig. 3B and Table 1 ). To deconvolve the effects of KCl and polymer concentration on bundling, we compared BtubA/B assembly kinetics in conditions that produce a similar mass of bMTs (21) (Fig. 3C ). Polymerization curves shows that at a similar bMT concentration the increment of KCl increases the light scattering intensity, indicating that filament bundling is mainly influenced by KCl over bMT concentration.
Effect of KCl on GTPase activity of BtubA/B
Because the dynamic assembly and disassembly of eukaryotic microtubules and bacterial FtsZ filaments are regulated by GTP binding, hydrolysis, and exchange, we analyzed BtubA/B GTPase activity at different KCl concentrations ( Fig. 3D and Table 1 ).
In the absence of KCl, the GTPase activity was 0.96 ± 0.03 mol GTP per minute per mole of BtubA/B, which increased slightly to 1.36 ± 0.11 mol GTP per minute per mole of BtubA/B at 25 mM KCl. However, at KCl concentrations above 50 mM, the GTPase activity decreased continuously to 0.3 ± 0.02 mol GTP per minute per mole of BtubA/B in 2 M KCl.
BtubA/B polymerization is kinetically polarized
Like eukaryotic microtubules, the BtubA/B polymer is thought to be structurally polar (3), but this does not necessarily imply that the kinetics of assembly are also polar. For example, the structurally polar actin homolog ParM (22) elongates symmetrically (23, 24) .
To test the hypothesis that bMTs exhibit kinetic polarity, we studied bMT assembly by fluorescent filament imaging (23) using BtubA/B seeds labeled with TAMRA (red) and soluble BtubA/B labeled with Alexa Fluor 488 (green) at low salt concentration to avoid the confounding effects of bundling. Most of the observed filaments (90%) had one red end and one green end (Fig. 4 ), indicating that, as for eukaryotic microtubules, the growth of bMTs is kinetically polar. Polar bMTs were clearly observed from 12.5 mM KCl up to 100 mM KCl (see Fig. S3 in the supplemental material). At higher KCl concentrations, we observed thicker yellow polymers, which we interpret as mixed-polarity bundles of bMTs.
Following eukaryotic microtubule nomenclature, we refer to the fast growing end as the bMT plus end (+) and to the slow growing end as the bMT minus end (-).
bMT bundle and filament assembly in high salt
To gain insights into bMTs assembly dynamics, we monitored the assembly dynamics of fluorescently labeled bMTs growing from seeds stabilized with GMPCPP (a slowly hydrolyzable GTP analogue) at 100 mM KCl using confocal fluorescence microscopy.
Consistent with our bulk polymerization results, in 100 mM KCl and GTP, bMTs growing at 3.7 ± 0.2 µm min -1 (n= 8), formed long and interconnected bMT bundles ( Interestingly, we observed bMT treadmilling, consisting simultaneous growth at the plus end and subunit loss at the minus end ( Fig. 5D and Movie S4; Fig. S5 and Movie S5), in fragments whose minus ends were not stabilized by a seed. These bMT fragments indicate that breakage events do occur in these conditions, and that the critical concentration must be different between their plus and minus ends.
bMTs in low salt exhibit steady growth punctuated by stochastic fragmentation
In order to explore the dynamics of single filaments in more detail without the confounding effects of bundling, we visualized the assembly of TAMRA-labeled BtubA/B in 12.5 mM KCl and GTP (Fig. 6A and Movie S6 in the supplemental material). We observed single bMTs growing from seeds in one direction, and two or more filaments growing from seeds in opposite directions, with an average rate of 2.4 ± 0.3 µm min -1 (n= 7).
We observed that bMTs suddenly switch from steady growth to a shortening phase ( Fig. 4A and B, and Movie S6 and S7). Some bMTs fragmented completely (exposing the seed end), while other bMTs reduced in length. In both cases, the elongation phase from the plus end resumed at a similar rate as before. The elongation time until the first breakage event varied among the filaments, indicating stochastic switching between elongation and shortening (23) . In most cases, bMT fragments resulting from breakage were not observable, indicating that fragments quickly detached from the surface or that the depolymerization from their new minus end, no longer stabilized by GMPCPP, was so fast that we were unable to visualize it. However, we also occasionally observed bMT fragments bound to the surface after bMT breakage, which depolymerized from their new minus ends at a faster rate than the growing plus ends, causing the disassembly of the bMT fragment (Fig. 6C) . As expected, the increase of BtubA/B concentration from 3 µM to 5 µM produced longer and faster-growing filaments ( Fig. S6A and Movie S8 in the supplemental material), and also increased the lifetime of bMT fragments without stabilized minus ends (Fig. S6B in the supplemental material) . We also observed bMT breakage caused by a growing bMT end running into a perpendicularly aligned bMT ( The dynamic instability model of eukaryotic microtubules predicts that the stochastic shrinkage is dependent on GTP hydrolysis in the MT wall (10) (11) (12) 15) . We determined the effect of GTP hydrolysis inhibition on bMT dynamics by visualizing BtubA/B polymerization in 12.5 mM KCl and in the presence of the non-hydrolyzable GTP analog GMPCPP. We observed a large number of short bMT bundles about 10 µm in length, and between 5 and 10 minutes time points, bMT bundles were not dynamic ( to the reaction chamber, and washed out the GMPCPP while the seeds were attached to the surface. We then flowed in 5 µM BtubA/B in 12.5 mM KCl and 1 mM GTP. The growing bMTs formed long and stable bundles without dynamic rearrangement over time ( Fig. 7B and Movie S9 in the supplemental material). We interpret this data as evidence that even trace amounts of GMPCPP remaining in the reaction chamber can stabilize the bMTs against breakage.
Discussion
In this study, we have characterized the biochemical properties, assembly polarity, and dynamics of bacterial microtubules. We determined that BtubA/B assembly is kinetically polar and its assembly dynamics are affected by KCl concentration. At low KCl concentration, single bMTs growth and shrink via stochastic filament fragmentation. The increase of KCl concentration reduce the critical concentration of BtubA/B assembly and induce bMT bundling.
We imaged the products of BtubA/B polymerization in a range of salt conditions using both fluorescence and electron microscopy ( Fig. 1) . At low salt, we observed single bMTs, which, under negative stain, appear as two light filaments flanking a dark center, which are consistent with either paired protofilaments or the light tubule walls flanking a dark tubule lumen. This appearance of the tubules is similar to previous observations of BtubA/B polymerized in vitro and imaged with negative stain electron microscopy (2, 4, 7). These results were initially interpreted as evidence that BtubA/B filaments are composed of protofilament doublets, but subsequent electron cryotomography of BtubAB assembled in bacteria showed that bMTs are hollow tubules composed of 5 protofilaments (1). Such a 5-protofilament tubule structure has a similar overall diameter and appearance when viewed in projection, as in negative stain electron microscopy.
There may therefore be no major structural difference between bMTs assembled in vitro and bMTs in bacteria. Using light scattering (Fig. 2 and Fig. S2 in the supplemental material), we determined that below 25 mM KCl, bMTs follow a nucleation-elongation mechanism of assembly. At 50 mM or higher KCl concentrations, bMTs self-associate into bundles, altering the shape of the kinetic trace, and reducing bMT depolymerization rate compared to low KCl concentration, indicating that bundling stabilizes the filaments against depolymerization. The comparison between polymerization traces with similar polymer amount but different KCl concentrations indicates that bMT stabilization by bundling is principally influenced by KCl, rather than protein concentration (Fig. 3C) .
The reduction of the critical concentration of BtubA/B assembly increases the mass of assembled bMTs (Fig. 3A) . KCl may decrease the critical concentration by inducing bundling, which stabilizes heterodimer interactions in filaments. However, the reduction of critical concentration at low salt where there is no bundling (Fig. 2E and Fig. 3B) suggests that KCl has also a stabilizing effect on the BtubA/B interaction along a single bMT. This KCl effect could be favoring both intra-and inter-heterodimer interaction as suggested by the increase of the size of the BtubA/B polymerization nucleus with increasing KCl concentration (Fig. 2F) . The increase of the nucleus size from 0 (n=~0.5), 3.1 (n=~1), and 6.3 mM KCl (n=~1.4) indicates that KCl favors heterodimer formation or intra-heterodimer interaction, a step that is essential for BtubA/B polymerization (REF).
At 12.5 mM and 25 mM KCl, nucleus is composed by two BtubA/B heterodimers suggesting that KCl also increases the inter-heterodimer interaction. In a complementary approach, we measured effective total GTP hydrolysis rate to increase at low salt and to decrease with salt-induced bundling from 50 mM KCl (Fig. 3D and Table 1 ). The increase of GTPase activity from 0 to 25 mM KCl could be explained by an increase of BtubA/B competent to polymerize (and to hydrolyze GTP) due to the reduction of the critical concentration. On the other hand, the reduction of GTPase activity from 50 mM KCl correlates with the onset of bMT bundling (Fig. 1B and Fig. S2D in the supplemental material) and it could be explained by a reduction in free (unpolymerized) BtubA/B heterodimer due to tubule stabilization by bundling. bMT bundling therefore appears to be an important modulator of bMT dynamics, which may have implications for their function in either Prosthecobacter or in the ancient eukaryotic ancestor in which the ancestral microtubule existed.
We visualized the dynamics of fluorescently labeled bMTs using confocal fluorescence microscopy and determined that, like eukaryotic MTs, bMTs are kinetically polar polymers (Fig. 4) . In the presence of GTP, bMTs exhibit complex dynamics including continuous treadmilling (Fig. 5D ) and stochastic switching between growth and fragmentation (Fig. 6B) . Treadmilling has also been observed in the plasmid-encoded bacterial tubulin TubZ (25), FtsZ filaments (26) as well as in eukaryotic MTs. bMT treadmilling indicates that GDP/GTP exchange can only occur in the free heterodimers, because it occurs when monomers at the plus end are GTP-bound and monomers at the minus end are GDP-bound. Such a hydrolysis state gradient is inconsistent with exchange in the bMT wall. The stochastic switching between growth and disassembly is similar to the dynamic instability seen in eukaryotic MTs as well as in filaments formed by the distantly related bacteriophage phage tubulin PhuZ (27) and the actin-related protein ParM (19, 23) . These dynamic behaviors are suppressed by the slowly hydrolysable GTP analogue GMPCPP (Fig. 7) , indicating that GTP hydrolysis is necessary for bMT destabilization and disassembly, as for eukaryotic MTs.
In eukaryotic MTs, loss of the stabilizing cap of GTP-bound monomers at the plus end leads to filament depolymerization and the gain of a GTP cap rescues polymerization (10) (11) (12) . With the imaging modality and fluorescent labeling used in this study, it was not possible to observe the fast continuous depolymerization at the new plus end created by a break, which would unequivocally confirm dynamic instability. However, bMT fragmentation is consistent with a GTP hydrolysis-induced loss of filament stability and we have observed rescue of polymerization after fragmentation (Fig. 6B) . The lower number of protofilaments in bMTs may render them more prone than eukaryotic MTs to fragmentation. Fast disassembly may then occur as a combination of fragmentation and fast depolymerization at the new plus end. We conclude that at low KCl concentration, single bMTs are mechanically unstable filaments with transitions between steady growth and disassembly, consisting of bMT fragmentation, processes that are both modulated by GTP hydrolysis state.
Our experiments in a range of buffer conditions show that bMTs differ from eukaryotic MTs in their strong tendency to assemble into irregular and apolar bundles in high salt concentration. Bundling does not require any other proteins. Pre-existing single bMTs can zipper together into bundles and keep growing (Fig. 5C) and on rare occasions treadmill while associated with a bundle (Fig. S5) . bMTs stabilized by GMPCPP were observed to bundle even in low salt (12.5 mM KCl, Fig. 7) , possibly due to the sum of many weak interactions along their lengths. An attractive but non-stereospecific interaction, such as hydrophobic interaction or van der Walls forces between bMTs may be responsible for the bundling, and for short filaments, salt is needed to screen the charge on bMTs.
Crowding agents also enhance BtubA/B polymerization and induce the bundling of bMTs In addition to their unknown function in Prosthecobacter, bMTs are of ultimate interest as an evolutionary link between eukaryotic microtubules and the ancient microtubule from which the BtubA/B genes are derived. BtubA/B has more sequence and structure in common with eukaryotic tubulins than any other bacterial tubulin, and the presence of both btubA and btubB genes suggests that the horizontal transfer event that is thought to have occurred not long after the initial duplication event that created the ancestors of the A/B and α/β homolog pairs (9) . The more evolutionarily distant phage tubulin PhuZ has been demonstrated to exhibit dynamic instability (27) and to segregate DNA (32) . We cannot exclude the possibility that bMT dynamics evolved after the horizontal gene transfer to Prosthecobacter, and any similarities between the dynamics of bMTs, phage tubulin filaments and eukaryotic MTs are the result of convergent evolution. In either situation, however, BtubA/B provides a simple model of bacterially expressed tubulins that could be used to study the structural determinants of microtubule dynamics.
Further work on the structural changes in the BtubA/B dimer in response to GTP hydrolysis and polymerization, as well as characterization of the bklc gene product will illuminate the extent to which BtubA/B and the ancient tubulin ancestor could have functioned in DNA segregation or other cellular functions.
Materials and Methods
BtubA/B purification. A vector containing the Prosthecobacter dejongeii btubA and btubB genes under control of a T7 promoter (kindly provided by D. Schlieper and J. Löwe) was transformed into E. coli BL21(DE3) cells. A single E. coli BL21(DE3) colony was grown at 37˚C to an optical density of 0.6 at 600 nm, and BtubA/B overexpression was induced by adding 0.3 mM IPTG to the cell culture. After 4 hours, the cell culture was centrifuged at 5,000 x g for 35 min and the cell pellet was suspended with ice-cold TEN buffer (50 mM Tris-HCl (pH 8), 1 mM EDTA, 100 mM NaCl). This procedure was repeated twice to wash away LB medium, and then was repeated 2 times using 50 mM HEPES-KOH (pH 7) buffer. The cell pellet was frozen at -80˚C for later use. The pellet was thawed on ice and suspended in 4 volumes of cold 50 mM HEPES-KOH (pH 7) and 1 mM PMSF.
The suspension mixture was sonicated on ice seven times with twenty second bursts at 7.0 W with a Misonix 3000 sonicator. The lysate was centrifuged at 100,000 x g for 1 h at 4°C, the supernatant was recovered and the pellet was discarded. The supernatant was warmed to 25 ˚C, its volume was measured and 5 mM MgCl2 (2 M stock solution) and 0.5 M KCl (solid, to minimize the increase in volume) were added. The solution was mixed gently and it was incubated at 25 ˚C for 10 min. The first BtubA/B polymerization/depolymerization cycle was started by adding 2 mM GTP. The solution was gently mixed and centrifuged immediately at 100,000 x g for 30 min at 25 ˚C. The supernatant was discarded and the pellet was solubilized by pipetting with 3-4 volumes of ice-cold 50 mM HEPES-KOH (pH 7) buffer, then was incubated in ice for 30 min (low temperature reduces BtubA/B polymerization, as with eukaryotic MTs), with occasional pipetting, and was ultracentrifuged at 100,000 x g for 30 min at 4˚C. The pellet was discarded. This completed one polymerization/depolymerization cycle. The supernatant was warmed again at 25 ˚C and a total of three cycles of polymerization/depolymerization were completed using the same conditions. The last solubilized pellet was dialyzed twice against 1000 volumes of 50 mM HEPES-KOH (pH 7) buffer, then the protein solution was ultracentrifuged at 100,000 x g for 15 min at 4˚C to remove aggregates, and the protein in the supernatant was stored in aliquots at -80 ˚C.
Quantification of BtubA/B concentration. BtubA/B batch stock concentration was determined by the BCA assay and using BtubA/B of known concentration as a standard.
BtubA/B standard concentration was quantified by measuring its absorbance at 280 nm after nucleotide exchange: an aliquot of BtubA/B was incubated with 2 mM GTP and 5 mM MgCl2 for 1 h in ice to exchange any GDP bound to BtubA/B. The free nucleotide was removed using a Bio-Gel P-6 polyacrylamide gel chromatography column (Bio-Rad), previously equilibrated with polymerization buffer (50 mM HEPES-KOH (pH 7), 5 mM MgCl2). The eluent was ultracentrifuged at 100,000 x g for 15 min at 4˚C to remove aggregates and BtubA/B polymers. A 1:100 dilution of the supernatant (BtubA/B bound to GTP) in polymerization buffer was performed to measure its absorbance at 280 nm using an extinction coefficient of 103,754. TAMRA-labeled) in polymerization buffer with 12.5 or 100 mM KCl by adding 0.5 mM GMPCPP for 5 min at room temperature. The solution was centrifuged at 100,000 x g for 15 min, the supernatant was discarded and the pellet was suspended in polymerization buffer, followed by a second centrifugation and suspension in polymerization buffer. (Fig. 3A) .
Polymerization conditions were: 8.4 µM BtubA/B in 12.5 mM KCl (3.2 µM bMTs), 6.3 µM BtubA/B in 50 mM KCl (3.2 µM bMTs), 4.7 µM BtubA/B in 100 mM KCl (1.6 µM bMTs), and 3.6 µM BtubA/B in 500 mM KCl (1.3 µM bMTs). Polymerization kinetics in 12.5 mM KCl exhibited sigmoidal behavior and the lowest maximum intensity between the conditions. However, increasing KCl to 50 mM KCl increased the light scattering intensity.
The increase in signal intensity was greater in the transition to 100 mM KCl, where the trace exhibited an elongation phase composed by two steps as previously described (Fig.   2C ). At 500 mM KCl, two steps cannot be resolved in the elongation phase, and depolymerization is slower. This indicates that bMT stabilization by bundling is principally 
